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Abstract
Gas Metal Arc Welding (GMAW) is a joining technique which is widely used by 
industry. The advantages of this process when compared to other joining techniques are 
its reliability, strength and the low cost of consumables.
The necessity for automated or robotic welding systems arieses from the need to 
improve productivity and quality as well as avoiding the exposure of human operators 
to hazardous environments. These welding systems have a large number of applications 
in fields such as the construction of large structures, automotive and aeronautic, 
industries, and even microelectronics [1].
Nowadays, the industrial market is mainly driven by the need to increase manufacturing 
productivity, flexibility, performance and the prospect of decreasing purchase price and 
operating cost per unit throughput [2].
At the present time, detection of defects in GMAW usually involves either destructive 
or non-destructive methods, both of which are post-operative and costly. Through the 
arc sensing techniques might constitute an effective alternative means of detecting 
defects on-line [3].
The process of classifying signals entails finding an efficient method of characterizing 
the salient features inherent in the signals -  a technique known as feature extraction. For 
statistically stationary signals, spectral features can be extracted via Fourier transform 
techniques. The current and voltage signals of the GMAW process are statistically non-
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stationary and are thus not amenable to stationary transform analysis. For such signals, a 
time-frequency analysis is more appropriate since it captures the time varying nature of 
the signal’s salient features.
A simple and computationally efficient approach is to use a wavelet transform [10] to 
decompose the signal into frequency bands. The wavelet decomposition is implemented 
through repeated application of conjugate quadrature filters (a filter bank structure) and 
can be applied to the current and voltage welding signals. Appropriate features are then 
extracted from each band for the purpose of classification.
This thesis contains an investigation of how wavelet techniques can be used to classify 
the quality of welds using the arc time of the welding voltage and current signals. It is 
shown that it is possible to detect welding defects regardless of the welding settings or 
transfer modes. Furthermore, the developed system is suitable for on-line applications 
using a standard PC.
Ill
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Chapter 1
Introduction
1 Introduction
Quality is of prime importance in welding and a reduction in rejection rates is desirable 
in order to reduce costs and improve productivity, as well as to satisfy customer quality 
requirements. Quality problems often arise due to unpredictable quality variations, 
which may occur due to work piece condition, deterioration of jigging, etc. Post­
operative detection of a bad weld will not prevent the waste of material and time. Many 
of the welding defects may be detected by so called though-the-arc monitoring systems.
The setting of inappropriate parameters as well as variations in the atmosphere 
surrounding the welding arc is a major cause of defects in industry. Figure 1 shows the 
frequency of welding defect occurrence in Gas Metal Arc Welding. The proportions of 
each defect are given as a percentage of the total number of defects:
Figure 1 Frequency of Occurrence of Defects in Industry
Lack of penetration and fusion defects can generally be overcome by selecting 
appropriate input parameters. This type of defect will therefore not be considered in this 
thesis.
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Porosity is caused by contaminants that enter the welding process due to foreign 
material on the welding plate and/or lack of shielding gas around the arcing process. 
The lack of shielding gas can be due to several causes such as variations in the flow 
pattern, changes in the stand-off or the influence of the travel speed. Previous research 
in this field has shown that most of these problems have similar effects to reducing the 
shielding gas[5]. This is also true for the case of contaminants on the plate.
Initially, we are going to focus on reducing the gas flow to detect when porosity occurs. 
Defects related to porosity affect the stability of the welding process [3].
Secondly, the focus will be on the welding travel speed. The travel speed affects the 
process stability, as will be shown in this thesis, and is difficult to detect. Being able to 
increase the travel speed while maintaining stability of the welding process would be 
important to industry because it enables it to increase productivity.
Arc stability related problems are difficult to detect due to the rapidly changing 
characteristics of the signals produced during welding. There is no one typical 
waveform that can be related to the quality of weld. Through-the-arc detection will be 
especially difficult if the contamination occurs outside of the arc area.
1.1 Requirements for Stability Detention Method/System
The following requirements for a through the arc stability detection method can now be 
derived.
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- The system must detect the occurrence of porosity (preferably internal and external 
porosity).
- Has to be suitable for on-line applications using a standard PC.
- It is desirable that the method is independent of the welding parameters and transfer 
modes used.
1.2 Problem formulation:
The present work consists o f developing a stability detection method, which meets the 
requirements mentioned above.
1.3 Outline of the Thesis
First an overview will be given of the GMA welding process in Chapter 2. Chapter 3 is 
dedicated to the theory of signal processing with an emphasis on Wavelets. A 
description of the experimental setup and data acquisition equipment used to perform 
the necessary experiments is given in Chapter 4. Chapter 5 includes the description and 
analysis of the experiments done for defect detection. A defect detection technique 
using wavelets is developed in Chapter 6. The conclusions, recommendations and 
suggestions for future research are included in Chapter 7 of the thesis.
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Chapter 2
Gas Metal Arc Welding
2 Gas Metal Arc Welding
For a better understanding of the behaviour of the welding system, more specifically the 
shape of the signal characteristics of the different transfer modes, an overview of GMA 
Welding is given.
The basic concept of Gas Metal Arc Welding consists of a consumable-electrode 
process using a shielding gas to protect the molten weld metal from chemical reactions 
and contamination due to exposure to air [1,6].
As shown in Figure 2.1, the GMA Welding system uses a dc power supply, a welding 
torch (or welding gun) with a contact tube, a spool of wire, a wire feeder and shielding 
gas.
Shielding
Gas
Figure 2.1 Typical Gas Metal Arc Welding System
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The power supply establishes an electrical arc through the wire electrode as it is being 
fed through the torch. The wire is melted by the resultant heating and transferred to the 
work-piece. The exact transfer process varies according to the welding voltage and 
welding current.
The arc is surrounded by shielding gas, and depending on the shielding gas mixture, 
there is an enhancement of the arc stability (for gases with low ionisation potential) or 
of heat transfer. For welding non-ferrous metals an inert gas, usually Argon, is being 
used. For carbon steel a mixture of inert gas with reactive gas or CCF is more suitable. 
The type of gas to be used is dependent on the transfer mode and the metal.
There is a wide selection of gases, electrodes and power supplies available for use in 
commercial welding systems in many combinations. The choice of these factors, 
together with the wire feed rate and travel speed of the work-piece, will determine the 
resulting geometry and physical characteristics of the weld.
A simple model for the welding power supply is shown in Figure 2.2 [7], and holds for 
so called conventional power supplies.
7
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Figure 2.2 Model for welding power supply.
R is the internal resistance of the power supply and L is the internal inductance of the 
power supply. On many systems either R or L can be adjusted to optimize the power 
supply characteristics for a given task. In the time domain the behaviour can be 
described as
V oc =  L  É l i t i .  +  R I  ( t )  +  V  ( t )  
at
(2 . 1)
2.1 Gas Metal Arc Welding Transfer Modes
As mentioned above, the melted wire material is transferred to the work-piece by 
processes which vary according to the voltage and current. As the average current 
increases, the transfer mode changes in the following manner:
2.1.1 Short Circuit Transfer Mode
Short circuit transfer mode has wide acceptance in industry. It is generally used for 
welding thin sections and bridging gaps, due to its small penetration and the fast 
freezing caused by its short heating period. Its flexibility in relation to working position 
also enhances the commercial importance of this method. This transfer mode is 
particularly difficult to apply to automated systems because of its sensitivity to input 
parameters and the non-existence of a reliable mathematical model for the process. 
Therefore, the stability of this transfer mode will be extensively studied in this thesis.
Operating at the lowest current of all the transfer modes, the short-circuit mode is also 
called the dip metal transfer mode. The low values of current (less than 200[A]) make 
the rate of melting by the arc and ohmic heating lower than the wire feed rate. The result 
is that the electrode wire dips into the weld pool of molten metal on the work-piece, 
causing a short circuit which extinguishes the arc.
Time
*0 *2
■Short
Circuit
cycle
*4
Arcing cycle
o
VO
-M
Vfl 1*-Varc -¡fc- Vq
*0 *2 t3 *4 i B h  = h
Arc Short Neclnng High. Standing Arc 
dim inishing circuit recognition  cmTen* dim inishing
Figure 2.3 GMAW Short-circuit Mode Operation [1]
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With reduced electrical resistance between the current contact and the base metal,
occurring when the arc is completely extinguished, the current starts to increase and the 
voltage rapidly decreases. This results in significant resistance heating in the wire, 
causing the droplet to break off into the weld pool. This process repeats itself at 
frequencies between 20 and 200 [Hz]. As can be seen in Figure 2.3, the voltage follows 
a pattern similar to a square wave and can be regarded as input to the differential 
equation 2.1. This equation is a linear first order equation which causes the current to 
behave as an exponential function as can be seen at the top of Figure 2.3.
When the arc is re-established a molten droplet begins to grow, and a corresponding 
drop in current is observed. The arc becomes smaller, and the arc plasma decays. The 
wire feed rate will again exceed the instantaneous burn-off rate, which will result in a 
further reduction of the arc gap. At this point, a physical contact between the droplet 
and the weld-pool can occur, creating an electrical bridge or short-circuit,
2.1.2 Globular Transfer Mode
The Globular Transfer Mode occurs at current values around 200 to 250[A]. The wire is 
melted and collects at the electrode tip forming globules. These globules will be 
detached from the electrode when they grow large enough so that surface tension can no 
longer overcome gravity. The size of the droplets will depend on the electrical settings 
as well as other parameters such as the diameter of the electrode or the shielding gas in 
use [7]. The frequency of short circuits is relatively low (less than 20Hz).
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Figure 2.4 GMAW Globular Transfer [9]
Due to the relatively large droplets, this transfer mode usually causes spatter and fumes 
and does not have the ability to produce the same quality of weld as the other transfer 
modes. This transfer mode is not very commonly used in industry.
2.1.3 Spray Transfer Mode
Occurring above 250[A], the so called “spray metal transfer” is characterised by 
droplets smaller than, or equal to, the wire diameter and a high frequency of transfer. 
The weld progresses as the welding gun is moved along the work-piece in such a way 
that the arc continues to touch down within the previously created weld pool (see Figure 
2.5).
3 0009  03250227  5
Figure 2.5 GMAW Spray metal transfer [9]
This Chapter has contained an overview of the behaviour of the welding process in the 
different transfer modes. This will now serve as a foundation for developing a stability 
detection technique using signal processing analysis.
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Chapter 3
Signal Processing Techniques
3 Signal Processing Techniques
Signal processing techniques have undergone significant development during the last 
fifty years, and nowadays are crucial for a range of modern electronic systems [10]. 
Some examples of its common applications are in telecommunications, voice and image
processing [11, 12], medical systems [13], radar, sonar and satellite remote systems, as/
well as industry in general [14]. In each of these cases, signal processing takes different 
approaches, algorithms and techniques, according to the application. Possible tasks 
involve the compression of signals, restoration, and general manipulation.
The first signal processing techniques were based on a linear time-invariant approach. 
Frequency domain analysis is one of the most common methods in use today. However, 
frequency domain analysis has some drawbacks, and time scale analysis (wavelet 
analysis) appears to be a suitable alternative for time varying phenomena.
3.1 Time Domain Analysis
As a basic concept, quantities that change in time form a signal in the time domain. 
Time analysis is the study of such a signal as a function of time. Examples of these sort 
of signals include electrical signals, such as voltage or current. Figure 3.1 shows the 
voltage produced during a weld versus time.
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Figure 3.1 Welding Voltage in the Time Domain
In this domain, information such as the energy of the signal can be obtained, or the 
energy necessary to reproduce the signal in a determined space of time. We can only 
analyse amplitude versus time. If we want to reproduce the signal it is possible to have a 
device that reproduces the voltage as a function of time, but there is much more 
information contained in this signal that could be useful, yet is not capable of being 
observed or analysed effectively in the time domain. For example, if the signal contains 
noise provoked by the data acquisition system, we can not distinguish it or do anything 
about it. If we want to better understand the signal, there are other “representations” that 
can be more useful, as we will see in the next section.
3.2 Frequency Domain Analysis
Frequency analysis describes situations where the frequency of a signal changes over 
time [15]. This method, or domain, also improves our understanding of signals, and 
consequently their analysis. The information contained in the frequency domain can be 
very useful, for example, when we are filtering the noise of a signal we are isolating the 
relevant frequencies. Another common example of a frequency approach is the
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decomposition of light into different colors, where each color represents one frequency 
band.
3.2.1 Fourier Transform
Fourier analysis is a technique that breaks down a signal into constituent sinusoids of 
different frequencies. In other words, a time-based signal is transformed into a 
frequency-based one.
The Fourier Transform is the “tool” that transforms the Time Domain into the 
Frequency Domain and the mathematical expression used to perform the operation is 
given by:
F ( C O ) =  j f ( t ) e - j a” d t  (31)
The Fourier Transform is the integral of the product of the signal fit) and a complex 
exponential. The results of this equation are the Fourier coefficients F(co) that when 
multiplied by a sinusoid of frequency co will give the signal constituent sinusoids co, as 
shown in Figure 3.2.
Fourier
Transform i t i
Signal Constituent sinusoids of different freque ncies
Figure 3.2 Signal and constituent sinusoids of different frequencies [ 16]
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Fourier analysis is a very useful tool in signal processing due to the importance of the 
information contained in the frequency of signals, which is often enough to satisfy the 
purpose of the analysis.
The disadvantage of this process lies in the fact that the time characteristics of the signal 
will be lost. The Fourier Transform gives the frequencies that existed during a period of 
time, but not when each frequency occurred. If the analysed signal is stationary (repeats 
itself over time) this disadvantage is not very relevant. However information such as 
when the signal begins or ends, or when some specific event occurs is impossible to 
detect with this method.
To overcome the problem, in 1946 Dennis Gabor adapted the Fourier Transform to a 
small portion of time where the signal could be considered stationary. This new 
technique called Short-Time Fourier Transform (STFT) consists of setting a fixed size 
window over the signal and performing the Fourier Transform only inside that window, 
then shifting the window in time and repeating the process until the signal or the desired 
time is over.
The results of the STFT are a correlation between the time and the frequency of the 
signal, where the precision of the method is given by the size of the window. By 
varying the size of the window the precision can be adjusted, placing more emphasis on 
the time information or on the frequency information.
The evolution of this concept leads to Wavelet Theory which is built on the same 
principles as those of the STFT, but where the size of the window is not constant and
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the fundamental sinusoids are replaced by wavelet signals. By doing this, more 
importance can be given to certain signal features, allowing the possibility of 
“adjusting” the processing techniques for each application.
3.3 Wavelet Theory
As mentioned before Wavelet Theory is an evolution of Short Time Fourier Transform 
Theory and consists of the use of particular kinds of waveforms called wavelets. This 
technique does not replace the Fourier Transform but represents an alternative for 
analysis of non-stationary signals or time-varying phenomena.
3.3.1 What is a Wavelet
A wavelet is a “small wave” of limited duration and known position, with an average 
value of zero and its energy concentrated in time.
In order to classify a wave into a wavelet, rigorous mathematical criteria must be met, 
and the reader should refer to [17] for more details. To simplify the concept and to 
allow a primary stage of classification there are three non-rigorous conditions:
The waveform must be oscillatory 
The waveform must rapidly decay to zero 
The waveform must integrate to zero
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Figure 3.3 Morlet Wavelet
3.3.2 Continuous Wavelet Transform
The continuous Wavelet Transform is the sum over all time of the signal multiplied by 
scaled and shifted versions of the wavelet function *F:
C(scale, position) = ^ f  (tyV  (scale, p o s itio n n â t (3.2)
The wavelet coefficients C when multiplied by the appropriately scaled and shifted 
wavelet yield the constituent wavelets of the original signal as Figure 3.6 shows:
Signal
W avelet
Transform
Constituent sinusoids of different scales and positions
Figure 3.6 Constituent wavelets of different scales and positions[16]
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Three simple steps, as described by Misiti, Oppenheim and Poggi [16], comprise the
Continuous Wavelet Transform:
1- Compare the wavelet with the first section of the signal and calculate the 
coefficients C which reflect the similarity between the wavelet and the signal where 
the bigger the similarity the bigger the coefficients.
2- Shift the signal in time and repeat the previous step; keep doing this until the end of 
the signal is reached.
3- Scale the wavelet (stretch or compress) and go back to the first step. Repeat this step 
until the end of the scales.
The result of this process will be as shown in Figure 3.4 where time is measured on the
x-axis, scale on the y-axis, and the colors represent the coefficients.
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Time
100
Small
Coeficients
3 Large
Coeficients
Figure 3.4 Results of the Continuous Wavelet Transform
The higher scales are obtained by stretching the wavelet, which results in a slow change 
of the details of the signal and consequent low frequency. By the same logic the low 
scales are related to the high frequency components of the signal.
This time/scale view is a new approach to signal processing and in some cases it is 
much more useful than the traditional time-frequency analysis.
Theoretically, the process should run over all scales and positions until infinity, which 
would produce a large amount of unnecessary information and would be impossible to 
compute. To overcome this problem the continuous parameters of scale and position can 
be transformed mto discrete ones.
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3.3.3 Discrete Wavelet Transform
The Continuous Wavelet Transform of one signal is defined as in equation 3.3 where (a, 
b) are continuous [18]:
W (a , b ) = J y/ ab( t ) f ( t )
In Greogory W. Wornell’s book [10] a full derivation of the Discrete Wavelet 
Transform is given. Here we will only give a brief summary of the process. To obtain 
the Discrete Wavelet Transform, the parameters (a,b) have to be discretised by making 
the following substitutions:
a = aoJ 
b = n bo aoJ
Equation (3.3) will then become:
V ab  ) = a 0 2 ¥  (a o" i {  -  k ). j e z , k  s Z (3.4)
Sampling the function with an octave time scaling and dyadic translation [19]:
j
yr jk ( i )  = 2 2 y / ( 2~Jt -  k),  j e Z , k e Z  (3.5)
This equation, which is continuous in time, can also be converted to discrete time:
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( 3 .6 )ziWJk(n) = 2 2 if/(2~jn-k),  j  e Z , k  e Z , n e Z
Finally the Discrete Wavelet Transform is obtained which does not have the redundancy 
and impracticality problems of the continuous Wavelet:
W ( j , k )  =  £  W jk ( n )  f  ( n ) ,  7 'e  Z , k  e  Z  (3J)
72 G Z
3.3.4 Wavelet Filter Banks
Spreading a signal into different frequencies, or isolating a pre-determined frequency in 
order to analyze it at a later stage, are common and advantageous ways of proceeding in 
signal processing, making the filter bank into one of the most important features of the 
wavelet techniques.
Approximation Detail
Figure 3.5 Equivalent to Wavelet Filter Bank
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As shown in Figure 3.5, the filtering process splits the original signal into two 
frequency ranges. With an equivalent to a low-pass filter we obtain the low frequencies 
of the signal, which are similar in shape to the original signal and therefore are called 
approximations (A). The equivalent to a high-pass filter gives the high frequencies, 
which are referred to as the details of the signal (D). After the first filter bank the 
process can be repeated as many times as necessary using the previous results until the 
desired information range is obtained.
Down Sampling
Each time the signal is decomposed, two new signals are obtained. By doing this 
operation we would end up with twice as much data as we started with. For example if 
an original digital signal has 5000 samples, by the time of the first decomposition would 
be two signals of 5000 samples for a total of 10000 samples of data.
To overcome this problem the notion of downsampling was introduced [16], which 
means that every second point of the data is discarded. Even though this process 
introduces aliasing in the signal components, this can be compensated for in the process. 
For more details the reader is referred to the book Wavelet and Filter Banks, by Strang 
and Nguyen [17].
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Wavelet Decomposition Tree
The wavelet decomposition tree is a simple filter bank structure. A signal is split into 
approximation and detail and the approximation is used for the next filter level, as 
shown in Figure 3.6, while Figure 3.7 shows the respective results.
Figure 3.6 Wavelet Decomposition Tree
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An important aspect of this technique is that for an n level decomposition filter, there is 
the possibility of reconstruction of the original signal in n ways. For the level 3 filter 
represented in Figure 3.7, there are 3 possible ways of reconstructing the original signal:
Signal = Approximations + Detail i + Detail2 + Detail3 
Signal = Approximation + Detail i + DetaiF 
Signal = Approximation! + Detail i
The reconstructions are obtained by using a synthesis filter bank. Figure 3.8 represents 
the first situation, where FT represents the inverse of a high pass filter and L’ the inverse 
of the low pass filter. The mathematical tool used for this synthesis is called the inverse 
discrete wavelet transform.
D1
D2
D3
A3
L’
Figure 3.8 Synthesis Filter Bank
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Wavelet Packet Decomposition Tree
The Wavelet Packet Decomposition Tree is an alternative bank structure for filter 
design. (See Figure 3.9).
Figure 3.9 Filter Bank Structure
Here both the detail and approximation of each level are used for the next level. This 
yields 2n different ways to represent the original signals. For example the signal S in 
figure 3.9 could be represented as:
S = AAA3 + DAA3 + DA2 + Di
This structure gives much more flexibility than the previous one but is more complex 
to implement.
3.3.5. Wavelet Conditions
There are properties associated with each wavelet that will affect the results of the 
analysis, especially with the use of filter banks. The following conditions or properties, 
discussed in Gilbert Strang and Truong Nguyen [17], are the most important:
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Perfect Reconstruction
A wavelet has perfect reconstruction if the synthesis bank inverts the analysis bank, 
with / delays. For the Biorthogonal filter banks, in order to have perfect reconstruction 
the filter can not introduce aliasing or distortion.
Orthogonality
In order to be orthogonal, the wavelet analysis bank has to be inverted by its transpose. 
Furthermore, the wavelets have to be orthogonal to all their dilates and translates.
Accuracy
The accuracy of order p for approximations by scaling functions <p(t-k) includes p 
vanishing moments in the wavelets and pth order decay of wavelet conditions.
Eigenvalue
The Eigenvalue condition on the cascade algorithm determines convergence to 0(t) and 
smoothness of wavelets. This is equivalent to the stability of the wavelet basis.
3.3.6 Wavelet Families
Wavelet analysis is a relatively recent method, with the research focus shifting from 
frequency-based analysis to scale-based analysis. In 1909 the term “wavelet” was used 
for the first time by Alfred Haar. Since then the concept has evolved, with the present 
theoretical framework being proposed for the first time by Jean Morlet.
Today Wavelet Theory is a well researched field. It is possible to find a variety of 
different wavelets and families of wavelets which have similar characteristics and 
different shapes. The first wavelet was named after its creator, Haar.
Ingrid Daubechies, one of the most important researchers in the field, invented the 
compactly-supported orthonormal wavelets (Daubechies family), which are represented 
by dbN, where N is the order. For N = 1 the wavelet is identical to the Haar wavelet.
Other families of wavelets are the Biorthogonal family (which exhibits the property of 
linear phase), the Coiflets and Symlets families (also developed by Daubechies), the 
Morlet, the Mexican Hat and others.
Each family has particular characteristics or properties, which make it more suitable for 
some applications than for others. Inside the same family (where the characteristics 
remain mostly the same) it is common to choose the most appropriate wavelet by its 
shape, trying to match the shape of the signal in question with the shape of the wavelet. 
By doing this the resultant coefficients will be higher (stronger similarity).
In this Chapter the wavelets and wavelet families have been introduced. The wavelet 
filter banks are of extreme importance to this thesis, as will be discussed in Chapter 6. A 
summary of the wavelet families used in this thesis and their respective properties can 
be found in Appendix A.
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Chapter 4
Experimental Setup
4 Experimental Setup
The following diagram represents the overall setup used for the experiments described 
in this thesis.
Figure 4.1 General layout of the experimental setup
4.1.1 Welding Robot
A Hitachi M6060II servo controlled robot (Figure 4.2) was used for the welding 
experiments. This robot is specially constructed for welding purposes, having six axes 
to provide flexibility of movement. These six axes enable the robot to reach all positions 
within the working area and to attain the desired angle required of the torch relative to 
the work-piece. The robot has a central control unit (Figure 4.3) which controls its 
movements.
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Figure 4.2 Hitachi NÍ6060II Process Robot
Figure 4.3 Central Control Unit of Hitachi M6060II Process Robot
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4.1.2 W elding Power Source and W ire Feed Rate Unit
The power source used in the experiments is an Idealarc8 DC-400 Lincoln welding 
power supply (Figure 4.4), which has a supplementary7 NA-5R remote controller. Using 
this remote controller the welding voltage and ware feed rate can be set and adjusted 
during welding.
Figure 4.4 Lincon Power Source and Control Unit
4.1.3 Sensors
In practice it is not possible to directly measure the arc voltage because of the 
continuous feed of the electrode wire, so the voltage is measured between the work­
piece and the wire feeder (Figure 4.5), giving a higher voltage than the real arc voltage 
due to the extraneous resistances involved.
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A Hall effect device (RS 245-174) positioned around a power lead measures the current 
through the arc. The welding current is converted to voltage and sent to the signal 
conditioning unit.
Figure 4.5 Current sensor
A DC generator near the wire feeder enables the wire feed rate to be measured (Figure 
4.6). The sensor consists of two rollers. These two rollers each rotate around their own 
axes with the movement of the wire. This movement generates a voltage which passes 
through the signal conditioning unit to the computer where it is represented as the wire 
feed rate.
34
Figure 4.6 Wire Feed Sensor
A signal conditioning unit (Figure 4.7) is used to isolate the computer from the welding 
system, as well as supplying an anti-aliasing filter.
Figure 4.7 Signal Conditioning Unit
A National Instruments AT-M10-16E-10 A/D converter was used, along with 
LabWindows* software running on a PC. This converter receives the analogue data 
from the signal conditioning unit, and converts it into digital data.
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The shielding gas used was “Argon Gas Shield 50” along with an Autocraft LW 
0.9[mm] electrode wire. Figure 4.8 shows the shielding gas bottle and corresponding 
pressure sensor.
Picture 4.8 Shielding Gas Bottle and Pressure Sensor
4.1.4 Data Acquisition Software
A Lab Windows5 based monitoring system was used to examine the weld signals on­
line, as well as to collect the data. Figures 4.9 and 4.10 show the Main Panel and the 
Data Acquisition Panel, respectively. In order to capture all the relevant information the 
sampling rate per channel was set to 5KFtz.
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The system or setup described above was used to perform the experiments required to 
develop the defect detection method. The experiments undertaken are described in the 
next chapter.
4.2 Calibration
In order to calibrate the data acquisition system several measurements were taken and 
the input settings compared with the values obtained by 
software. The model used for each signal as well as error are 
and error ranges were determined from 20 data points.
• Voltage = 17.241 (V softwares-0.0092)
Range: 100V error: +/- 0.3V
• Current= 131.58(Isoftware-0.0058)
Range: 200A error:+/- 0.15A
• Wire feed rate = 4.6083(Wfr software -  1.23563)
Range: 250mm/s error: +/-0.17 mm/s
the the data acquisition 
listed bellow. The model
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5 Defect Detection Experiments
Several experiments were undertaken in order to develop a suitable signal processing 
technique to detect defects. The first issue to be addressed is the selection of defects to 
be studied and analyzed.
As previously mentioned in Chapter 1, lack of fusion and porosity are the main causes 
of defects in Gas Metal Arc Welding with rates (per total of defects) in industry of 
66.9% and 22.0% respectively. Lack of fusion can be overcome by finding the right 
welding inputs for the desired weld geometry. Porosity is usually related to the stability 
of the arc and can be caused by various factors such as physical contamination or 
inappropriate settings. Since this thesis focuses on arc stability of the welding process, 
porosity will be detected.
The advantages of being able to increase the welding travel speed while maintaining the 
desired quality were also mentioned in Chapter 1. Experiments with travel speed were 
undertaken in order to optimise the welding parameters and therefore maximise 
productivity.
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5.1 Porosity
Lack of shielding gas is one of the most common causes of porosity. This lack of 
shielding gas can be due to a range of factors such as:
• Lack of pressure within the bottle
• Leaks or obstructions between the bottle and the weld
• Wind that blows the gas away from the arc
When the arc is established and there is a lack of shielding gas, contamination can easily 
occur, provoking porosity and instability. Detecting that the gas flow from the bottle is 
too low can easily be accomplished by using a sensor near the bottle. Being able to 
detect if the gas actually shields the arc sufficiently or is lost because of wind is not 
straightforward. For this reason experiments with porosity due to a lack of shielding gas 
have been undertaken.
In order to study and analyse the effects of a lack of shielding gas on the stability and 
quality of the weld, several sets of experiments were done at different welding settings, 
eighty welds in total. The voltage and current were increased in such a way that the 
three different transfer modes were tested: Short Circuit, Globular and Spray Transfer.
To simulate the various problems that can occur during welding with the shielding gas. 
the following experiments were undertaken for each of the different welding settings:
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• To simulate leaks or obstruction: welds with different values of shielding gas, from 
15 litre/minute, which is the normal value, to 0 litre/minute.
• To simulate other disturbances (such as wind): the flow value of shielding gas was 
increased and decreased during the weld. Two methods of disturbance were tested. 
The first method involved changing the flow of shielding gas abruptly. The second 
method was to change the gas flow gradually.
Each weld had a duration of around 15 seconds. The following sections describe all the 
experiments done and the resulting weld appearance. The respective values of gas flow 
are shown for the welds where the level of shielding gas changed during welding. For 
example, the notation 3-5-10 [1/min] means that the weld started with gas flow of 3 
[1/min], while during welding this value was changed to 5 [1/min] and then to 10 [1/min].
5.1.1 Short Circuit Transfer Mode
The following tables give an overview of all the experiments done in short circuit 
transfer mode, a total of 40 welds.
Voltage: 17 V Wire Feed Rate : 65 [mm/s] Travel Speed: 5 [mm/s]
Weld
Number
Gas Flow 
([1/min])
Porosity Appearance
P_1 15
P_2 14
P_3 14 Good quality welds
P 4 12
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P_5 10
P_6 9 Good quality welds
P_7 8
P_8 7 External porosity not visible but the weld
P_9 6 appearance is somewhat irregular, internal
P_10 5 porosity might be present.
P_11 4
P_12 3
P_13 2 Full of external porosity
P_14 0
P_15 2
P_16 5 External porosity not visible but the weld 
appearance is somewhat irregular, internal 
porosity might be present.
P_33 14-7 Good quality weld
P_34 7-3 Porosity during the 3 [l/min] part of the weld
P_35 2-8-3
P_36 8-2-10-3-10 External porosity when the level of gas is lower
P_37 8-4-8 than 5
Table 5.1 Experiments to test Lack of shielding gas using 17V
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Voltage: 18 V Wire Feed Rate : 82 [mm/s] Travel Speed: 5 [mm/s]
Weld Gas Flow Porosity Appearance
Number ([l/min])
P_17 5 External porosity not visible but the weld appearance is
somewhat irregular, internal porosity might be present.
P_18 15-4 External porosity during the 4 [l/min] part of the weld
P_19 5-3 Full of external porosity
P_20 3-8-3
P_21 4-10-3-10-3
P_22 2-8-2
P_23 15-2 Porosity when the level of gas is lower than 5
P_24 15-4-12-2-12-2-
12
Table 5.2 Testing Lack of Shielding in Short Circuit Transfer Mode. 18 V
Voltage: 19 V Wire Feed Rate : 89[mm/s] Travel Speed: 5 [mm/s]
Weld Gas Flow Porosity Appearance
Number ([l/min])
P_25 15-4-15-3
P_26 4-12-2 External porosity when the level of gas is lower than 5
P_27 2-10
P_28 7 External porosity not visible but the weld appearance is
P_29 6 somewhat irregular, internal porosity might be present.
P_30 5 Slight porosity
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P_31 5 Slight porosity
P_32 3-14 External porosity during the 3 [1/min] part of the weld
Table 5.3 Testing Lack of Shielding in Short Circuit Transfer Mode, 19 V
Voltage: 21V Wire Feed Rate : 102 [mm/s] Travel Speed: 5 [mm/s]
Weld Gas Flow Porosity Appearance
Number ([l/min])
P_38 4 Full of external porosity
P_39 4-10-3 External porosity when the level of gas is lower than 5
P_40 3-14-2
Table 5.4 Testing Lack of Shielding in Short Circuit Transfer Mode, 21 V
Voltage: 23 V Wire Feed Rate : 121 [mm/s] Travel Speed: 5 [mm/s]
Weld Gas Flow Porosity Appearance
Number ([l/min])
P_41 10-3-10-3 External porosity when the level of gas is lower than 5
P_42 3-12-2
Table 5.5 Testing Lack of Shielding in Short Circuit Transfer Mode. 23 V
It was noted that there were two different kinds of porosity. A good example of this can 
be seen in Figure 5.1, which shows a picture of weld P_26. Three different qualities are
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visible, including a section of good quality in between the two different kinds of 
porosity.
Figure 5.1 Short Circuit Weld (Weld P_26)
The first section of the weld was undertaken with a gas flow of 4 [[1/min]]. It can be 
seen in this section of the weld that the penetration between the welding wire and the 
parent metal was good but large craters have formed on the surface. The low level of 
shielding gas allowed particles in the atmosphere around the arc to mix into the molten 
metal within the fusion zone. As the molten metal solidified, the contaminants rose to 
the surface and escaped to the atmosphere forming porosity. This porosity weakens the 
structure and affects the physical aspect of the weld.
The middle portion of the weld has good quality, the arc is stable and the weld is 
smooth. The gas flow was set to 12 [[1/min]].
The last section of weld also contains porosity and was done with the gas flow set to 2 
[[1/min]]. The appearance of this section is different from that of the first section of 
weld. Here it is likely that it is not properly fused, since it is thin and built up. Craters 
have formed for the same reasons as for the porosity in the first few seconds, due to the 
disturbances in the arc.
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The differences in quality can also be seen in the stability of the process signals. Figure
5.2 show the electrical signals produced during this weld.
weld P 26
(secondasi)
Figure 5.2 Electrical signals of weld P_26
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In the first section of weld the contamination affects the stability of the arc. slightly 
increasing the frequency of short circuits and peaks of voltage and decreasing the mean 
current. The section starting at around 10 seconds into the weld shows that the arc was 
very unstable. This is the section related to the porosity caused by a gas flow of 2 
[[1/min]].
5.1.2 Globular Transfer Mode
The welds done at 25 [V] (weld number P_43 up to P_48) are examples of Globular 
Transfer mode. The following table describes all the experiments done in this transfer 
mode.
Voltage: 25 V Wire Feed Rate : 125[mm/s] Travel Speed: 5 [mm/s]
Weld Gas Flow Porosity Appearance
Number ([I/min])
43 2 Full of external Porosity
44 2-8
45 10-3 External Porosity when the level of gas is lower than 5
46 4-7
47 6 External Porosity not visible but the weld appearance
48 5 is somewhat irregular, internal porosity might be
present.
Table 5.6 Testing Lack of Shielding in Globular Transfer Mode
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When the gas flow decreases, the occurrence of short circuits is more frequent and the 
weld becomes unstable. In severe cases of porosity, the electrical signals look like the 
electrical signals produced during short circuit transfer mode welds. Figure 5.3 and 5.4 
illustrate this by showing weld P_45 and respective electrical signals, where the 
frequency of short circuit occurrences increases substantially after nine seconds of weld.
Figure 5.3 Globular Transfer Mode Weld (P_45)
weld number P 45
Figure 5.4 Electrical signals from globular weld (P_45)
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5.1.3 Spray Transfer Mode
The welds from P_49 to P_69 are examples of Spray Transfer mode. Table 6.6 and 
Table 6.7 describe the experiments done in this mode, 18 welds in all.
Voltage: 28 V Wire Feed Rate : 100 [mm/s] Travel Speed: 5 [mm/s]
Weld
Number
Gas Flow 
([1/min])
Porosity Appearance
49 14-5 External Porosity during the 5 [l/min] part of the
weld
50 5-3 Full of external porosity
51 2-4
52 4-10
External Porosity when the level of gas is lower 
than 5
53 10-4-10
54 12-0
55 0-4 Full of external porosity
56 4-8
External Porosity when the level of gas is lower 
than 5
57 14-5-3
58 14-3-10-4-14
59 14-8-4-12
60 10-5-3-2
Table 5.6 Testing Lack of Shielding in Spray Transfer, 5 [mm/s]
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Voltage: 28 V Wire Feed Rate : 160 [mm/s] Travel Speed: 8 [mm/s]
Weld
Number
Gas Flow 
([1/min])
Porosity Appearance
61 14 Good quality welds
62 14-4
External Porosity when the level of gas is lower 
than 5
63 4-8-3-7-3
64 2-8-4-10
65 10-3-10
66 8-2-4-2-4-2
67 2 Full of external Porosity
68 10-3 External Porosity during the 3 [l/min] part of the
weld
69 8-5-8-2 full of external Porosity
Table 5.7 Testing Lack of Shielding in Spray Transfer, 8 [mm/s]
The spray transfer mode is characterised by constant voltage, constant current and no 
occurrence of short circuits. Porosity appears in a similar way as in the previous transfer 
modes, when the gas flow drops to values around 5 [1/min] or less.
When porosity occurs the electrical signals change, showing short circuits. Weld P_60 
(Figure 5.5) is one example of a weld containing two sections with porosity, and the 
electrical signals produced during welding can be seen in Figure 5.6.
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Figure 5.6 Spray Transfer Weld (P_69)
Figure 5.6 Electrical Signals from Spray Transfer Weld (P_60)
The first section containing porosity is from 7 seconds to 9 seconds into the weld and 
was caused by a low level of gas flow (5 [1/min]). This porosity resembles the porosity 
at the beginning of weld P_26, as previously described.
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The second section containing porosity started at around 13 seconds into the weld and 
was caused by a gas flow of 2 [1/min]. This porosity is similar to the porosity at the end 
of the weld P_26. The electrical signals during this section looked like the signals 
produced during short circuit transfer.
5.1.4 Summary of Analysis of Porosity Experiments
The appearance of porosity was directly related to the levels of gas flow. Porosity would 
appear as soon as the gas flow dropped to around 5 [1/min], and would disappeared if 
the gas flow were greater than 5 [1/min].
All the welds done with gas flows between 9-15 [1/min] were good quality welds. All 
the welds done with gas flows lower than 5 [1/min] had porosity present. When the gas 
flow varies between 5 [1/min] and 8 [1/min] the weld does not show porosity but has an 
irregular appearance. This suggests that the weld may have internal porosity.
It was also found that there are two different forms of porosity. One is caused by very 
low values of gas (lower than 2 [1/min]) where the arc is very unstable. The other one 
occurs when the gas flow is around 4 [1/min], and even though severe surface porosity 
occurs, the instability is not as evident when looking to the electrical signals produced 
during weld. This suggests that the porosity occurs after the arcing process and most 
likely does not affect the electrical signals as much as the occurrence of porosity during 
the arcing process.
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The frequency of short circuits is directly related to the stability of the process and the 
occurrence of porosity in the following way:
Lower Gas => More Porosity => Higher Frequency of Short Circuits.
However, the frequency of short circuits is not a suitable feature for detecting porosity, 
because it is also dependant on the settings: the higher the current or wire feed rate, the 
higher the frequency of short circuits. When a change in the frequency of short circuits 
occurs, it would not be possible to know if that change is caused by porosity or by 
changes in the settings.
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5.2 Travel Speed Optimization Experiments
In order to test and evaluate the influence of travel speed on the stability of the welding 
process, several experiments were completed. In these experiments the main idea is to 
commence welding with settings known to produce good welds and then increase the 
travel speed until a maximum value is reached without significantly influencing 
stability.
The first result of increasing the travel speed would be a change in the shape of the 
weld, making it difficult to compare differences between welds. The deposition area A 
[mm2] of a weld is given by:
A =  V
X d 2 V f 
4 T s (5. 1)
where d [mm]is the diameter of the weld, Vf [mm/s] is the wire feed rate, Ts [mm/s] is 
the travel speed and rj is the efficiency factor. To avoid having welds with different 
shapes, the wire feed rate was increased in proportion to the travel speed, so the amount 
of material used for the weld remains the same.
Once again Short Circuit Transfer Mode and Spray Transfer Mode were tested. 
Globular Transfer Mode is not popular in industry so that experiments on this transfer 
mode would not be as relevant. For this reason Globular Transfer Mode was not tested.
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5.2.1 Short Circuit Transfer Mode
The first 33 welds were done with Short Circuit Transfer Mode. Table 5.8 shows the 
experiments and corresponding settings.
Voltage: 18
Weld Wire feed-rate Travel Speed Weld
([mm/s]) ([mm/s]) Appearance
T_1 54 4 Good quality
T_2 104 8
T_3 208 16 Irregular, unstable, a lot of spatter
T_4 104 8 Good quality
T_5 130 10 Uneven surface
T_6 186 12 Irregular, unstable, a lot of spatter
T_7 130 10 Uneven surface with spots where
T_8 143 11 the weld becomes irregular,
T_9 156 12 unstable and with spatter present
T_10 130 10
T_11 143 11 Good quality
T_12 156 12
T_13
T_14 169 13 Uneven surface
T_15 Irregular, unstable, a lot of spatter
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T_16 182 14 Uneven surface
T_17
Irregular, unstable, a lot of spatter
T_18 195 15
T_19 169 13
T_20 175 13.5
T_21 195 14
T_22 156 12 Uneven surface
T_23 169 13
T_24 195 14 Irregular, unstable, a lot of spatter
T_25 130 10 Good quality
T_26 143 11 Uneven surface
T_27 156 12
T_28 65 5
T_29
T_30 78 6
T_31 Good quality
T_32 91 7
T 33
Table 5.8 Experiments to test Travel Speed in Short Circuit Mode
All the welds done with travel speed lower than 10 [mm/s] are of good quality. Figure 
5.7 shows such an example of a good quality weld.
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Figure 5.7 Typical Short Circuit Weld of Good Quality, Ts = 8[mm/s]
The welds done with a travel speed higher than 14 [mm/s] were all of bad quality, 
presenting a very irregular surface and considerable spatter as can be seen in Figure 5.8.
Figure 5.8 Typical Short Circuit Weld of bad Quality, Ts = 14[mm/s]
Figure 5.9 illustrates the relationship between travel speed and quality.
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Figure 5.9 Weld Quality versus Travel Speed
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When the travel speed is higher than or equal to 10 [mm/s], the weld tends to decrease 
significantly in quality. For the travel speeds of 10-12 [mm/s] the results vary from 
good to poor quality. When the travel speed is set to values between 13-14 [mm/s] the 
quality of the weld varies between having a somewhat irregular and uneven surface 
(Figure 5.10) to having a very irregular surface together with spatter.
Figure 5.10 Typical Short Circuit Weld of Bad Quality, Ts = 13[mm/s]
Figure 5.11 shows the electrical signals produced during welding when the travel speed 
was set to 6 [mm/s]. The arc was stable and the weld produced was of good quality.
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Figure 5.11 Typical Electrical Signals of Short Circuit Good Quality Weld (T_30)
Weld T_12 and weld T_13 have the same settings, with a travel speed of 12 [mm/s], 
however they are of different quality. The respective welding signals are shown in 
Figures 5.12 and 5.13.
Weld T_12 is a good quality weld, although the electrical signals are not as regular as 
the ones produced by welds with lower travel speed. The signals (Figure 5.12) show 
some irregular spots between more regular ones, which suggests that the weld is close to 
becoming unstable.
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Weld T_13 presents an uneven surface. Comparing the electrical signals in Figure 5.12 
and Figure 5.13 it can be seen that the frequency of short circuits has increased and the 
signals are more irregular. As the settings were the same for both welds, it can be 
concluded that around 12 [mm/s] is the boundary line between a good quality weld and 
an irregular weld for these particular parameters.
Figure 5.14 shows the electrical signals produced by weld T_19. The Travel Speed was 
set to 13 [mm/s]. As can be seen, the signals are significantly different and the weld is 
irregular with a lot of spatter. The process does not behave like the typical short circuit 
weld as discussed in Chapter 2.
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Figure 5.14 Typical Electrical signals of Short Circuit Weld (T_19) of bad quality
Ts = 13 [mm/s]
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There is a long period (much longer than normal) where the wire is in contact with the 
work piece. The eruption is most likely considerably higher than normal and much 
closer to the contact tube, which results in the long arc period.
5.2 .2  Spray Transfer Mode
Thirty-three welds were completed (from 34 to 67) using Spray Transfer Mode. These 
experiments were done in two series. The first series of experiments was from weld 
T_34 to weld T_50. The series started with a travel speed of 5 [mm/s] and wire-feed­
rate of 236 in/min. These values were increased proportionally, so that the shape of the 
weld would remain constant. The following table includes all the settings and results of 
this first series of experiments.
Voltage: 28V
Weld Wire feed-rate Travel Speed Weld
([mm/s]) ([mm/s]) Appearance
T_34 95 5
T_35
T_36 115 6
T_37
T_38 134 7
GoodT_39
T_40 153 8
T_41 162 8.5
T_42 172 9
63
T_43 181 9.5 Good
T_44 191 10
T_45 200 10.5 Uneven surface
T_46 211 11
T_ 47 220 11.5
001
H
230 12 Uneven surface
T_49 239 12.5
T_50 249 13
Table 5.9 Experiments to test travel speed in spray transfer (1st series)
All the welds done at travel speeds lower than 10 [min/s] were of good quality. Figure 
5.15 shows a weld done using Spray Transfer Mode with a travel speed of 9 [mm/s]. 
Figure 5.16 shows the electrical signals produced during the same weld.
Figure 5.15 Spray Transfer Weld (T_42), Ts -  9[mm/s]
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weld number 42
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Figure 5.16 Typical Electrical signals of Short Circuit Weld (T_42), Ts = 9[mm/s]
The welds done with a travel speed in the neighbourhood of 10 [mm/s] start to lose 
stability but the exterior appearance does not change. The electrical signals of weld 
T_44 can be seen in Figure 5.17. It is a good quality weld with a travel speed of 10 
[mm/s]. Despite of the exterior appearance, the voltage shows some peaks and the 
current displays some slumps, indicating that the arc is about to lose its stability.
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Figure 5.17 Typical Electrical Signals from Spray Transfer Weld (T_44),
Ts = 10[mm/s]
The quality starts to decrease when the travel speed is higher than 10 [mm/s]. The welds 
start to display irregularities on the surface, as shown in Figure 5.18.
Figure 5.18 Spray Transfer Weld (T_47), Ts = 11.5[mm/s]
As can be seen in Figure 5.19, the electrical signals from the same weld (where the 
travel speed is 11.5 [mm/s]) numerous peaks in the voltage and breaks in the current.
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weld number 47
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Figure 5.19 Electrical Signals from Spray Transfer Weld (T_47), Ts = 11.5[mm/s]
The maximum travel speed tested was 13 [mm/s], which corresponds to 249 [mm/s] of 
wire feed rate. It was not possible to increase the settings any more due to the 
limitations of the wire feed unit.
In order to further study the behavior of the arc during the loss of stability caused by 
increasing the travel speed, the second series of tests were undertaken. This series also 
began at a low level of travel speed, but with a different relationship between travel­
speed and wire feed rate. Table 5.10 includes all the settings and results of this second 
series of experiments.
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Voltage: 28V
Weld Wire feed-rate Travel Speed Weld
([mm/s]) ([mm/s]) Appearance
T_51 49 20 Uneven surface 1
T_52 74 30
i
T_53 100 40 Uneven surface with j
T_54 124 20 irregularities j
T_55 74 30 Uneven surface j
|
T_56 100 40 j
I
T_57 112 45 Uneven surface with |
irregularities |
T_58 13 5
T_59 15 6 s
j
T_60
T_61 18 7
1
T_62 Good ;
T_63 20 8 i
T_64
1
T_65
j
T_66 23 9
T_67
Table 5.10 Experiments to test travel speed in spray transfer (2nd series)
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The welds from 51 to 67 belong to the second series of experiments. These welds are 
thinner than the previous ones due to the new relationship between travel speed and 
wire feed rate. The experiments started with 20 [mm/s] travel speed and 115 [mm/s] 
wire feed rate. The quality of the welds decreases at a travel speed of around 20 to 30 
[mm/s], where the weld surface becomes uneven. Figure 5.20 shows an example of this 
with Weld T_53, and Figure 5.21 the respective electrical signals produced during 
welding.
Figure 5.20 Spray Transfer Weld (T_53), Ts = 40[mm/s]
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weld number 53
Figure 5.21 Electrical Signals from Spray Transfer Weld (T_53), Ts = 40[mm/s]
At around 45 [mm/s] the stability is completely lost. When the travel speed is set to 45 
[mm/s] the quality of the weld is very poor, as can be seen in Figure 5.22. Figure 5.23 
shows the respective electrical signals.
Figure 5.22 Spray Transfer Weld (T_57), Ts -  45[mm/s]
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weld number 57
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Figure 5.23 Electrical Signals from Spray Transfer Weld (T_57), Ts = 45[mm/s]
5.2.3 Summary of Analysis of Travel Speed Experiments
In short circuit transfer mode, it was possible to increase the travel speed up to 10 
[mm/s] while maintaining the stability of the welding process. The frequency of short 
circuits tended to increase when the travel speed was above 10 [mm/s], and the welds 
started to exhibit an uneven surface. The welds were irregular and of bad quality, at 
travel speeds above 12 [mm/s]. During these welds, the frequency of short circuits is 
very low and the metal transfer process very unstable.
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For spray transfer mode it was also possible to increase the travel speed up to 10 [mm/s] 
while maintaining the stability. At a travel speed above 10 [mm/s] the welds start to 
present an uneven surface, and the arc shows some perturbations. The welds only 
became irregular at travel speeds above 40 [mm/s]. The welding process also became 
very unstable at that point.
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Chapter 6
Defect Detection Tools
6 Defect Detection Tools
The aim of this project is to detect defects and variations in the stability of the welding 
process using through the-the-arc sensing analysis. As discussed in Chapter 1, the 
method being developed should preferably be suitable for all transfer modes, 
independent of the welding parameters used and must be suitable for on-line 
applications.
6.1 Previous Work in the Area
Many different systems have been designed to optimize quality of the welding process 
by detecting defects and, if possible, correcting them. To reduce problems caused by 
welding out of the joint, several sensing systems have been developed [20-28]. The 
additional hardware that has to be added to the end of the torch is the major drawback of 
these systems, because in some industrial applications it would not be possible to attach 
the sensory equipment or it would not be economically acceptable.
Analysis of the sounds produced during welding has also been used, such as the system 
developed by Chawla et al [29], to detect defects in the manufacture of cored wires. The 
main disadvantage found with these systems was the susceptibility to background noise 
affecting the measurement. Other sensors have been used for controlling the welding 
process [30-32].
The analysis of transient electrical data from the welding arc, also known as through- 
the-arc sensing, has been adopted by many researchers. The study of the transient
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voltage and current has shown that these signals contain information which is both 
relevant to quality and suitable for controlling the welding process. Techniques such as 
Artificial Neural Networks [34-41], Frequency Domain analysis [42], Wavelets analysis 
[3,5,43,44], statistical methods [30, 45-48] and others [49-57], have been successfully 
used to analyze the electrical signals and relate them to weld quality. The drawback of 
these systems consists in the fact that most of them were trained to a specific set of weld 
parameters or transfer mode.
6.2 Welding Data Analysis
The voltage and current signals produced during welding have proven to be a rich 
source of information. Nevertheless, it is not clear what kind of information is contained 
in the signals or at what frequency. For different tasks different information is required 
and different frequency ranges will be important.
To overcome this difficulty wavelet filter banks are proposed in this thesis in order to 
split the signals into different frequency ranges. Statistical analysis can then be applied 
to the results of the filter in order to extract the relevant features relating to weld quality.
6.2.1 Wavelet Filter
The theory of wavelet filter banks was addressed in Chapter 3. The Wavelet 
Decomposition Tree was chosen for this application due to its simplicity. Wavelet 
Packet Analysis is much more computer intensive and previous research [19] has shown 
that Packet analysis does not improve the results for this application.
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Since the relevant frequency range is unknown and no more filters than necessary 
should be used, especially because it should be possible to implement the filter on-line, 
different numbers of decompositions will be tried until the desired results can be 
achieved.
The process of choosing the appropriate wavelet is a delicate task. There are four 
families of wavelet that allow the use of filter banks: Daubechies. Biorthogonal. 
Coiflets and Symlets. Within each family the main characteristics remain the same, but 
the shape of the wavelets varies. The characteristics of each family as well as the 
wavelet studied can be found in Appendix A.
The shape of the wavelet should match the shape of the signal to be analysed or filtered. 
For the present application, the idea is not to isolate the main shape of the voltage or 
current but isolate some unknown characteristic of the signal at some unknown 
frequency related to process stability. The shape of the wavelet should match the shape 
of the feature that relates to this property. Since this feature is unknown a number of 
different wavelets will be tried.
For each level of decomposition the signal is split into approximation and detail 
signals. The approximation contains the lower frequencies of the original signal, which 
varies considerably depending on the transfer mode used. The details contain the high 
frequencies of the signals and will be used for further analysis because we want to find 
the features uniquely related to quality.
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6.2.2 Arcing Period
The lower frequencies of the welding signals are usually dependent on the settings. The 
frequency of short circuits changes when the settings change. For different transfer 
modes these characteristics also vary, for example the spray transfer mode does not 
have any short circuits.
Since the idea is to find a feature which is dependent on quality and independent of the 
settings, the short circuit period should be avoided in the analysis. It is expected that the 
arc period contains information related to quality which might be independent of the 
transfer mode. It is assumed that when the weld is unstable, not only the transfer of 
metal is affected but also the arc itself.
For these reasons the system developed in this thesis is based on the Arc Period of the 
transfer mode. The sections of the filtered signals which correspond to short circuiting, 
were replaced by zeros. At the end, the results were corrected for the number of zeros 
introduced.
It was assumed that when the original voltage is lower than 10% of its set value, a short 
circuit is occurring. As can be seen in Figure 6.1 the short circuit started before the 
voltage dropped 10% of its set value and was still happening after the voltage increased 
above this value again.
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Volt -  10% Volt
Short circuit Arc Short circuit 
time time time
Figure 6.1 Short Circuit in GMAW
To overcome this problem the following procedure was used: for each short circuit 
detected, the preceding n and following m data points of the detail analyzed were also 
set to zero. To find the values of n and m, the characteristics of the wavelets were taken 
into account.
Discrete time wavelets are defined by a finite number of points (the length of the 
wavelet). The influence that a change in the original signal has on the result of the 
wavelet is determined by the length of the wavelet. For example consider the high pass 
filter of the wavelet dblO from the Daubechies family,
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Decomposition high-pass filter
Figure 6.2 High Pass Filter, Wavelet dblO
As can be seen in Figure 6.2, there are 20 points to define the filter. This implies that a 
change in an original signal has an influence on the resulting wavelet up to 10 steps 
before or after that time instant. Therefore, to eliminate the influence of the short circuit 
(the period we want to cut out for the analysis) at least 10 points before the short circuit 
and 10 points after should be ignored (set to zero).
As can be seen in Figure 6.3 the voltage has a significant peak just after the short circuit 
in which the voltage of the power supply settles around the arc voltage. To eliminate the 
influence o f this on the analysis additional points should be set to zero after the 
occurrence o f the short circuit.
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Figure 6.3 Detail of Voltage with and Without Short Circuit Time
It can be seen in Figure 6.3 that the power supply takes less than 10 [ms] to settle, 
which is equivalent to 5 data points (sampling frequency 5 [kHz]).
All the wavelets used in this thesis are less than or equal to 20 points which means we
can set to zero 10 points before the point where the short circuit starts, and 10+5-15 
points after the point where we detect that the short circuit finishes. After finding the
best wavelet to detect defects these values can be adjusted and optimized.
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6.2.3 Statistical Analysis
Several features were extracted from the filtered signals in order to capture the 
information related to quality.
Energy
The total energy or variance of each second of detail is given by:
E dN =  £  X,2 n = 1,2,3,... A7-
( 8 . 1)
The values for represent the total energy contained in the different frequency bands 
of the original weld signal. These values may vary widely preventing direct comparison 
between different welds. To allow this comparison the feature vectors are normalised 
with respect to energy. This is achieved by dividing 8.1 by the following,
v̂ di + E d2+...+E dN
By doing so the total energy of the normalised vector is unity
(8.
F 2 +  F 2 +  + E 2 = 1n ndl ^  JZ'nd2 • -^ n d N  1
This normalisation allows comparison between vectors whose total energy may vary 
widely.
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Averaged Energy, the Li norm
The Li norm is given by the following formula
>■1 ' n=\
(8.3)
Where N is the length of the signal and x n are the elements of the signal.
The Li norm is a measure indicating the average energy of a signal, as opposed to the 
total energy given by equation (8.1). As can be seen in equation (8.3) of the Li norm all 
the components of the signal have the same importance. This is different from the case 
of energy in which the high amplitude components have more importance.
6.3 Developing a Monitoring Technique for Defect Detection
In order to develop a system to detect defects, several programs were written in Matlab " 
with the output results compared. The algorithm used for these programs is represented 
in Figure 6.4.
It is believed that both voltage and current contain relevant information, and both were 
tested. Different levels of decomposition were tried as well as the different wavelets. 
Two statistical operations were used to analyze the output of the filters. The welds were 
analyzed once per second. The aim is to detect defects when they occur rather than after 
completion.
Initially, one weld was chosen in order to find the best wavelet, level of decomposition 
and statistical operation. When the algorithm was optimized several welding files were 
tested. The results from the programs were compared with the physical welds. A result 
is positive when the output of the program matches the physical weld: defects are 
detected when they occur.
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Figure 6.3 Defect Detection Algorithm
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6.3.1 Choosing the Best Wavelet Decomposition and Statistical Operation
A total of thirty-eight wavelets from the four families: Daubechies, Biorthogonal. 
Coiflets and Symlets were tested. Details about each of these wavelets can be found in 
Appendix A. Voltage and current were both used.
porosity was initially used. This weld was chosen as it is a good representative of all 
welds. It shows three different qualities: good quality and the two porosity types 
described in the previous chapter. The picture of this weld can be seen in Chapter 5. 
Figure 5.1.
The results were analyzed once per second. The first second of weld was never taken 
into account because it is always unstable. The first defect corresponds to the 2nd, 3ld 
and 4th second. The section from 5 to 9 seconds is of good quality and finally 9,10 and 
11 seconds correspond to the second porosity defect section. A defect would be 100% 
detected if 2 to 4 seconds were detected as defect, 5 to 9 as good quality and 9 to 11 
again as defect. A lower percentage means that a defect condition was not consistently 
detected throughout the weld.
The middpoint of each quality section was used to calculate the “ratio of accuracy . 
Two ratios were calculated, Ratiol for the first defect and Ratio2 for the second defect.
In order to find an appropriate wavelet, and the best feature, the weld P_26 containing
Ratio1 =
feature(3rd second)
feature(6th second)
Ratiol =
feature(lO,h second) 
feature(6<h sec ond)
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Figure 6.4 shows the results obtained using the voltage signal and the wavelet sym4. In 
this case the results would be the same for both features: 66% detection of the first 
defect, 100% detection of the second defect. However the ratios of accuracy are Quite 
different. Using Energy as the feature, Ratio! = 3.7811 and Ratio! = 124.8575. Using 
Averaged Energy as the feature the ratios are significatly lower: Ratio 1 = 1.4508 and 
Ratio2 = 8.2584.
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Figure 6.4 Results obtained using voltage and wavelet Sym4
For this case only the second defect was detected with 100% reliability and the ratio of 
accuracy was higher using energy as feature.
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The tables in Appendix B show all the results obtained for the different wavelets, using 
voltage and current. The next section summarises the results obtained.
6.3.2 Analysis of Results
The results obtained using each wavelet vary considerably. Some wavelets were more 
appropriate for defect detection then others. The results obtained with energy as the 
feature were always better than the results obtained with averaged energy. Here both the 
percentage of detection and the ratio of accuracy were larger.
The second defect was always detected with a high rate of accuracy. The first defect 
was difficult to detect. The ability to detect this kind of porosity will determine the 
wavelet to be used.
An example of an inappropriate wavelet is the dbl from the Daubechies family, also 
called the Haar Wavelet. Figure 6.5 shows the results obtained using that wavelet and 
the current signal. It was not possible to detect the first defect and the second defect was 
only detected using energy as feature. The accuracy rates were as follows:
• Energy: Ratio! = 1.0524 and Ratio2 = 2.6999
• Averaged Energy: Ratio1 = 0.9370 and Ratio! = 0.9339.
Wavelet Bior3.9 is an example of a suitable wavelet, where 100% of both defects were 
detected using Energy and Averaged Energy (see Figure 6.7). The accuracy is as
follows:
• Energy: Ratio1 = 3.9758 and Ratio2 = 83.0622
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Averaged Energy: Ratio 1 = 1.5254 and Ratio2 = 7.8465
Taking into account the accuracy values, energy is more suitable for detecting defects 
than the averaged energy.
Figure 6.7 Results Using Wavelet dbl and Current Signal of weld P_26
Figure 6.8 Results Using Wavelet Bior 3.9 and Voltage Signal of weld P_26
<ss
Using the current signal it was possible to detect the second defect, however the 
percentage of detection of the first defect was never higher than 66%. The results 
obtained using Energy were generally better (higher accuracy) then the ones using 
Averaged Energy.
The Voltage signal turned out to be more suitable for this application than the current 
signal. Using energy it was possible to detect both defects with 100% releability using 
19 different wavelets, while using Averaged Energy it was possible to detect 100% of 
both defects with 9 wavelets. For all these situations, Energy showed higher accuracy 
rates. It can therefore be concluded that Energy is more suitable for detecting welding 
defects (using wavelets) and for this reason will be the only feature determined from 
now on.
It is necessary to find a level of transition between one quality and another, hence the 
ratio of accuracy should be as high as possible. Out of the 19 successful wavelets, the 
ones with Ratio 1 > 3 were further analyzed (14 wavelets). It was proposed that the 
lowest energy of a defect should be at least 10% higher than the highest energy of the 
good quality section. This means that the transition level should be 5% higher than the 
energy of any second containing porosity, and 5% lower than the energy of any second 
of good quality. For example, consider the weld P_26 analyzed above, using the 
wavelet db3 (see Figure 6.9): the lowest energy level from the section with defects is at 
the 4th second where the energy is 0.0026464. The highest energy from the section of 
good quality is 0.002166 (8th second). The transition level should be set between 0.0024 
and 0.00252.
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Figure 6.9 Results Using Wavelet db3 and voltage Signal of weld P_26 (detail)
Since the defect detection tool and the level of transition should ideally be the same for 
all transfer modes, one weld representative of Globular Transfer Mode (Weld P_54) and 
another representative of Spray Transfer Mode (Weld P_69) were also tested for each of 
the 14 wavelets mentioned above.
Weld P_54 shows five seconds containing porosity, starting at the 9th second, which was 
successfully detected by all the wavelets. The ratios between the section of good quality 
and the section with porosity were calculated in order to determine the accuracy of the 
defect detecting system. Figure 6.10 shows an example of the results obtained using the 
voltage of the weld P_45, the db3 wavelet and energy as feature.
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Figure 6.10 Results Using Wavelet db3 and Voltage Signal of weld P_45
The ratio was calculated by dividing the energy of the 10th second by the energy of the 
6th second and for this wavelet it was 4.9254. The Energy level of the transition between 
good quality and porosity could be set between 0.005 and 0.008.
Weld P_60 represents a typical example of Spray Transfer. This weld has two defects, 
the first one from second 8 to second 9 and the second one in the last two seconds of 
weld. All defects were 100% detected by all wavelets tested. The levels of energy of the 
second defect are much higher than the levels of energy of the first detail, as shown in 
Figure 6.11.
9 1
Figure 6.11 Results Using Wavelet db3 and Voltage Signal of weld P_60
For this weld, the ratio of accuracy of the first defect was calculated by dividing the 
energy of the 7th second by the energy of the 11th second {Ratio 1), and for the second 
defect the 14th second was divided by the 11th second (Ratio2). Using wavelet db3 the 
ratios were: RatioX = 10.7051 and Ratio! = 116.5260.
The level of transition in this case would be determined by the first defect. Figure 6.12 
shows the same results on another scale, where it can be seen that the transition level 
could be set from 0.002 to 0.0055.
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Figure 6.12 Results Using Wavelet db3 and Voltage Signal of weld P_60 (detail)
The following tables show the results obtained with each of the 14 wavelets, and for the 
welds representing the three transfer modes.
Daubechies Family
db3
Short Circuit Globular Transfer Spray Transfer
Transfer Mode Mode Mode
Transition Level 0.00228 to 0.0025 0.005 to 0.008 0.004 to 0.005
ratio 1.2124 4.9254 10.7051
db4
Short Circuit Globular Transfer Spray Transfer
Transfer Mode Mode Mode
Transition Level 0.002565 to 0.00273 0.0047 to 0.0131 0.003 to 0.005
ratio 1.1821 4.7835 12.401
db5
Short Circuit Globular Transfer Spray Transfer
Transfer Mode Mode Mode
Transition Level 0.003325 to 0.00336 0.0038 to 0.0176 0.004 to 0.005
ratio 1.1208 5.0912 14.3248
db6
Short Circuit Globular Transfer Spray Transfer
Transfer Mode Mode Mode
Transition Level - 0.0036 to 0.0198 0.003 to 0.005
ratio 1.0521 5.7698 14.9908
Table 6.1 Results Obtained to Daubechies Family
Analysing each transfer mode separately, the wavelet db6 is the only one where it is not 
possible to determine a suitable transition level (the difference between quality levels is 
less than 10%). The transition levels found for the short circuit welds were always lower 
than the transition levels found for the other transfer modes.
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Bior Family
bior3.1
Short Circuit Globular Transfer Spray Transfer
Transfer Mode Mode Mode
Transition Level - 0.0053 to 0.0167 0.004 to 0.006
ratio 1.0940 5.0945 12.1478
bior3.3
Short Circuit Globular Transfer Spray Transfer
Transfer Mode Mode Mode
Transition Level 0.00247 to 0.00252 0.0045 to 0.0142 0.004 to 0.006
ratio 1.0878 4.9612 12.8452
bior3.5
Short Circuit Globular Transfer Spray Transfer
Transfer Mode Mode Mode
Transition Level - 0.0044 to 0.0139 0.003 to 0.005
ratio 1.1613 4.9298 12.8904
bior3.7
Short Circuit Globular Transfer Spray Transfer
Transfer Mode Mode Mode
Transition Level 0.002755 to 0.00294 0.0046 to 0.0139 0.003 to 0.005
ratio 1.2141 4.7478 12.8904
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bior3.9
Short Circuit Globular Transfer Spray Transfer
Transfer Mode Mode Mode
Transition Level 0.003135 to 0.00336 0.0048 to 0.0140 0.003 to 0.005
ratio 1.2141 4.5273 12.9927
bior6.8
Short Circuit Globular Transfer Spray Transfer
Transfer Mode Mode Mode
Transition Level - 0.0036 to 0.0186 0.003 to 0.005
ratio 1.1061 5.4882 13.1481
Table 6.2 Results Obtained for Bior Family
With wavelet Bior3.1, Bior3.5 and Bior6.9 it was not possible to find a suitable 
transition level for the short circuit weld. Once again the transition levels found for the 
short circuit weld were always lower than the transition levels found for the other 
transfer modes, where it was always possible to find a suitable transition level.
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Sym Family
sym3
Short Circuit Globular Transfer Spray Transfer
Transfer Mode Mode Mode
Transition Level 0.00228 to 0.00252 0.0059 to 0.0110 0.004 to 0.005
ratio 1.2124 4.9254 10.7051
sym8
Short Circuit Globular Transfer Spray Transfer
Transfer Mode Mode Mode
Transition Level 0.00361 to 0.00378 0.0038 to 0.0185 0.004 to 0.005
ratio 1.1636 5.6928 14.8469
Table 6.3 Results Obtained for Sym Family
For the wavelet Sym8, the transition levels found for each transfer mode were all 
different. Using the wavelet sym8, it would be possible to select a common transition 
level for the Globular and Spray Transfer mode (0.004 for example). However this 
value would not be the same for Short Circuit Transfer mode, where the maximum 
value is 0.00378, so that is inconvenient for developing an algorithm suitable for all 
transfer modes.
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coif4
Short Circuit Globular Transfer Spray Transfer
Transfer Mode Mode Mode
Transition Level 0.00399 to 0.0042 0.0041 to 0.0187 0.004 to 0.005
ratio 1.1860 5.0555 15.0933
coif5
Short Circuit Globular Transfer Spray Transfer
Transfer Mode Mode Mode
Transition Level 0.00465 to 0.00535 0.0049 to 0.188 0.004 to 0.005
ratio 1.2674 4.3607 15.3757
Table 6.4 Results Obtained for Coif Family
The results obtained using the wavelet coif4 are similar to the results obtained with 
previous wavelets: the transition level found for the Short Circuit weld is low er than the 
transition level found for Globular and Spray Transfer modes.
The Wavelet coif5 was the only wavelet tested where it was possible to find a common 
transition level for all the transfer modes. A suitable value of energy would be 0.005. 
An energy level below 0.005 would mean good quality, above 0.005 would mean that a 
defect has occurred. The following Figures show the results obtained with this wavelet 
for the three different transfer mode welds.
Figure 6.13 Results Using Wavelet coif5 and voltage Signal of weld P_26
Figure 6.14 Results Using Wavelet coif5 and voltage Signal of weld P_45
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Figure 6.15 Results Using Wavelet coif5 and voltage Signal of weld P_60 
Level of Decomposition
Since a suitable wavelet has been found, the level of decomposition will be tested. The 
previous results were obtained with one level of decomposition. The following Figures 
show the results obtained using up to three levels of decomposition using the three 
different transfer modes (the same welds previously tested).
1 0 0
Figure 6.16 Testing Level of Decomposition with Short Circuit Weld
It can be seen in Figure 6.16 that the results did not improve for higher levels of 
decomposition. The energy values are higher for the 2nd and 3 d Detail but the first 
defect is not detected 100%. For this weld the 1st detail gives the best results.
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Figure 6.17 Testing Level of Decomposition with Globular Transfer Weld
Figure 6.17 shows an example of a globular transfer mode weld for the three levels of 
decomposition. The energy levels increase at the higher levels of decomposition but the 
results do not improve. For this weld the 1st level of decomposition remains the best 
option.
Finally, a spray transfer weld was tested and the results are as follow.
1 0 2
Figure 6.18 Testing Level of Decomposition with Spray Transfer Weld
The results obtained using the spray transfer weld are similar to the three levels of 
decomposition. The energy levels are higher at the 2nd and 3rd level of decomposition 
but the results remain the same, with both defects detected.
Since the main objective is to find an algorithm consistent for all transfer modes, it can 
be concluded that the first level of decomposition should be used. This is also 
convenient for the on-line application because it will be quicker and simpler to 
implement.
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6.3.3 Validation Using Porosity Experiments
To validate the results obtained, the system was tested with a new set of welds. From 
the experiments containing porosity, 6 more welds were selected and tested, three in 
short circuit transfer mode with different settings, one in globular transfer mode and one 
in spray transfer mode. The descriptions of these welds can found in Chapter 5. The 
results are as follows:
• Weld P_34, Short Circuit Transfer Mode, 17 V
Figure 6.19 Validation Using Weld P_34
104
The last section of the weld P_34 containing porosity was successfully detected. The 
transition level of this weld has the value 0.005.
• Weld P_39, Short Circuit Transfer Mode, 21 V
Figure 6.20 Validation Using Weld P_39
Weld P_39 exhibits porosity at the beginning and at the end of the weld. Both defects 
were 100% detected. The transition value of 0.005 is again suitable for this weld.
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• Weld P_41, Short Circuit Transfer Mode, 23 V
Figure 6.21 Validation Using Weld P_41
Weld 41 has two defects, the first at the beginning (up to the 6th second) and the second 
at the end of the weld (starting at the 10th second). A small section of good quality 
separates both defects (from the 7th second to the 9th second). Once again, the defects 
were 100% detected and the transition level 0.005 is suitable.
• Weld P_46, Globular Transfer Mode, 25 V
Figure 6.22 Validation Using Weld P_46
The first seven seconds of weld P_46 contained defects which were 100% detected. 
The last three seconds of the weld (7th to 10th second) were of good quality and the 
energy level under 0.005. Again a transition of 0.005 can be used for this example of 
globular transfer mode.
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Weld P_59, Spray Transfer Mode, 28 V
Wavelet: coifS Signal:volt Weld: P-59
0 5 10
Time (s)
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Figure 6.23 Validation Using Weld P_59
The weld P_59 is a Spray Transfer Weld. The defect at the end of the weld is clearly 
detected and the transition level of 0.005 is suitable.
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6.3.4 Validation Using Travel Speed Experiments
The concept behind this set of experiments was to detect which welds were stable and 
which welds were unstable. The relationship between the quality of the welds and the 
stability of the process was discussed in Chapter 5. It was expected that the welds of bad 
quality would have high energy levels due to the instability of the welding process. In 
the same way, it was expected that the welds where the welding process was stable 
would have energy levels below 0.005.
Six welds were tested in order to validate the defect detection system. For each transfer 
mode three welds of different quality were chosen. The results obtained are as follows.
Short Circuit Transfer Mode
Weld T_30 is a good quality weld (Travel Speed = 6 [mm/s]), and it was the first weld 
to be tested. Figure 6.24 shows the results obtained, where it can be seen that the energy 
values are under 0.005 throughout the weld.
The welding process started to become unstable for travel speeds above 10 [mm/s]. An 
example of a weld with an uneven surface is Weld T_13, where the travel speed was 12 
[mm/s]. The results obtained for this weld can be seen in Figure 6.25. The energy is 
now higher than 0.005 which means that the defect was properly detected.
1 0 9
Figure 6.24 Validation Using Weld T_30
Figure 6.25 Validation Using Weld T_13
The last short circuit weld to be tested was weld T_19. This weld was undertaken with 
travel speed of 13 [mm/s] and exhibits poor quality. The weld is very irregular and the 
welding process was unstable, producing spatter. Figure 6.26 shows the results obtained 
for this weld.
Figure 6.26 Validation Using Weld T_19
The energy level is now around 0.05, which means that it is more than 10 times higher 
than the good quality level. It can be concluded that the transition level found 
previously holds also for detecting defects induced by a travel speed that is too high.
Spray Transfer Mode
Weld T_40 is a good quality weld, undertaken with a travel speed of 8 [mm/s], and was 
the first spray transfer weld to be tested. The results obtained can be seen in Figure 6.27.
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Figure 6.27 Validation Using Weld T_40
The energy levels for this weld remain under 0.005 throughout the weld, which means 
that the transition level holds in this experiment.
The second weld to be tested was the weld T_44 which exhibits an uneven surface. As 
can be seen in Figure 6.28, the energy level is now around 0.02, which means that this
weld would be classified as defective.
The last weld to be tested was weld 57. This weld has an uneven surface and some 
irregularities. The welding process is unstable, as can be seen in Figure 6.29. The 
energy values are now close to 0.1.
Figure 6.29 Validation using Weld T_57 
6.4 Sum m ary of Results
In this chapter it was found that the information contained during the arcing period of a 
GMA Weld is related to quality. Successful results were obtained when the detail of the 
welding signal was set to zero during the short circuit time. The 10 points preceding the 
short circuit and the 15 points following the short circuit were also set to zero. By 
doing this it was possible to completely eliminate the effects of short circuits on the
final results.
The voltage signal was proven to be the most suitable for the detection of stability. The 
welding current signal, due to the characteristics of the power supply, has an 
exponential shape and the welding voltage signal has a square wave shape. Since we are 
using only the arcing period, the voltage signal effectively becomes a straight line. 
Obviously, the detection of deviations from a straight line is much easier.
Energy was shown to be more suitable for detecting defects than the averaged energy, 
the LI Norm. The formula used to calculate the energy amplifies the higher values of 
the details of the signals. Since the sections of the welds with defects have higher 
energy than the sections of good quality, the differences will be amplified making the 
identification of defects easier.
The wavelet coif5 from the coif family turned out to be the most suitable wavelet. Using 
one level of decomposition it was possible to find a solution suitable for all the transfer 
modes.
The experiments show that the method is sensitive enough to detect minor deficiencies 
of shielding gas. Furthermore it could also detect slight decreases of stability due to the 
travel speed being too high for the welding conditions used.
We have now developed a suitable method for detecting defects which influence the 
stability of GMA Welding. The algorithm to do this was shown to be applicable foi all 
transfer modes and is simple enough to be implemented on-line on a standard PC.
Chapter 7 
Conclusions
7 Conclusions
The focus of this research was on the stability of Gas Metal Arc Welding. A system or 
method using wavelets has been developed in order to detect instability of the welding 
process, regardless of the transfer mode used. Defects such as porosity have been 
successfully detected, as well as instability due to the travel speed being too high for 
the welding conditions used. The main algorithm of the method developed in this 
thesis consists in passing the welding signals throughout a wavelet filter bank. In the 
results of the filtering process, the sections related to the short circuits are set to zero. 
By doing this, the analysis focuses on the arcing time of the weld. A statistical process 
is then used to detect defects.
The arcing time of the weld was shown to contain information related to the stability 
of the welding process. There are two main advantages of using the arcing time, 
firstly, the characteristics of the arc are independent of the settings, and secondly, it 
enables the detection of defects that occur during the arc and not during the metal 
transfer (short circuit).
It was shown that the welding voltage is more suitable for stability detection than the 
welding current. This is due to the shape of the signals. The voltage signal has a 
square wave shape, which becomes a straight line when only the arcing time is taken 
into account. The current signal has an exponential shape during the arcing time, 
which makes it more difficult to analyze, and more dependent on the welding 
parameters used.
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Extracting the energy turned out to be a suitable statistical operation for detecting 
defects, amplifying the higher components of the signals.
Wavelet analysis was shown to be a suitable signal processing method because it 
makes it possible to isolate features of the welding signal related to stability, and 
therefore to quality. The wavelet Coif5 was used to filter the voltage signal. Using this 
wavelet and the algorithm described above, it was possible to detect defects in all 
transfer modes using the same detection level.
Two types of porosity caused by different levels of shielding gas deficiency were 
identified. Both types of defects could successfully be detected with the method 
developed.
It was also shown that the detection method could be used for optimizing the welding 
travel speed, as it was possible to detect the point where the welding process becomes 
unstable due to an increase of travel speed.
The system developed in this thesis is relevant to industry because it enables the 
detection of defects during welding and can be used to optimize the travel speed and 
thus increase productivity.
Recommendations for Future Research
Although the algorithm developed in this thesis is suitable for on-line application, all 
the analysis was done off-line. The obvious next step in this research would be the
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implementation on-line. This system detects defects once per second of weld. The 
algorithm could be further developed by using a moving window to detect defects. It 
is expected that such an approach would enable a quicker detection of defects on line.
For further development of the system, different power supplies could be used. Some 
characteristics of the welding signals vary according to the power supply, and the 
method used to extract the arcing time might have to be adjusted. Different welding 
parameters and consumables could also be tried.
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Appendix A
Daubechies Wavelets
General characteristics: Compactly supported wavelets with extremal phase and 
highest number of vanishing moments for a given support width. Associated scaling
filters are minimum-phase filters.
Family Daubechies
Short name db
Order N N strictly positive integer
Examples dbl or haar, db4, dbl5
Orthogonal yes
Biorthogonal yes
Compact support yes
DWT possible
CWT possible
Support width 2N-1
Filters length 2N
Regularity about 0.2 N for large N
Symmetry far from
Number of vanishing moments for psi N
A1
dbl (Haar)
Scaling function phi Wavelet function psi
A2
db2
Wavelet function psi
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Biorthogonal Wavelets
General characteristics: Compactly supported biorthogonal spline wavelets for which 
symmetry and exact reconstruction are possible with FIR filters (in orthogonal case it 
is impossible).
Family Biorthogonals
Short name bior
Order Nr,Nd Nr = 1 , N d =  1,3,5
r for reconstruction Nr = 2 , Nd =2, 4, 6, 8
d for decomposition Nr = 3 , Nd = 1, 3, 5, 7, 9 
Nr = Nd = 4 , Nr = Nd = 5 
Nr = 6 , Nd = 8
Examples bior3.1, bior5.5
Orthogonal no
Biorthogonal yes
Compact support yes
DWT possible
CWT possible
Support width 2Nr+l for rec., 2Nd+l for dec
Filters length max(2Nr,2Nd)+2 but essentially
A12
bior Nr.Nd Id lr
effective length of LoF_D effective length of HiF
-
bior 1.1 2 2
bior 1.3 5 2
bior 1.5 10 2
bior 2.2 5 oJ
bior 2.4 9 3
bior 2.6 13 3
bior 2.8 17 3
bior 3.1 4 4
bior 3.3 8 4
bior 3.5 11 4
bior 3.7 16 4
bior 3.9 20 4
bior 4.4 8 7
bior 5.5 9 11
bior 6.8 17 11
A13
Regularity for
psi rec. Nr-1 and Nr-2 at the knots
Symmetry yes
Number of vanishing moments for psi 
dec. Nr-1
Remark: bior 4.4,5.5 and 6.8 are such that reconstruction and
decomposition functions and filters are near.
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Decomposition scaling function phi Decomposition wavelet function psi
Decomposition low-pass filter
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Coiflets Wavelets
General characteristics: Compactly supported wavelets with highest number of 
vanishing moments for both phi and psi for a given support width.
Family Coiflets
Short name coif
Order N in<NII£
Examples coif2, coif4
Orthogonal yes
B ¿orthogonal yes
Compact support yes
DWT possible
CWT possible
Support width 6N-1
Filters length 6N
Regularity
Symmetry near from
Number of vanishing moments for psi 2N
Number of vanishing moments for phi 2N-1
A30
Coifl
Scaling function phi
Wavelet function psi
Decomposition low-pass filter Decomposition high-pass filter
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coif2
Scaling function phi Wavelet function psi
1 1
- -
Decomposition low-pass filter Decomposition high-pass filter
0 1 2 3 4 5 6 7 8 9  10 11 0 1  2 3 4 5 6 7 8 9  10 11
Reconstruction high-pass filter
0 1 2 3 4 5 6 7 8 9  10 11
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coif3
Scaling function phi Wavelet function psi
Decomposition low-pass filter Decomposition high-pass filter
Reconstruction high-pass filter
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coif4
Scaling function phi
-0.5
Wavelet function psi
Decomposition high-pass filter
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Reconstruction high-pass fitter
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coif5
Scaling function phi
0.5
-0.5
Wavelet function psi
10 15 20 25
Decomposition low-pass filter Decomoosition hioh-Das?; filter
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Reconstruction low-pass filter Reconstruction high-pass filter
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
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Symlets Wavelets
General characteristics: Compactly supported wavelets with least assymetry and 
highest number of vanishing moments for a given support width. Associated scaling 
filters are near linear-phase filters.
Family Symlets
Short name sym
Order N N = 2, 3,..., 8
Examples sym2, sym8
Orthogonal yes
Biorthogonal yes
Compact support yes
DWT possible
CWT possible
Support width 2N-1
Filters length 2N
Regularity
Symmetry near from
Number of vanishing moments for psi N
A3 6
sym2
Scaling function phi Wavelet function psi
Decomposition low-pass filter Decomposition high-pass filter
Reconstruction low-pass filter Reconstruction high-pass filter
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sym3
Scaling function phi Wavelet function psi
Reconstruction low-pass filter Reconstruction high-pass filter
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sym4
Scaling function phi Wavelet function psi
Reconstruction low-pass filter Reconstruction high-pass filter
A3 9
sym5
Scaling function phi
Wavelet function psi
Decomposition low-pass filter Decomposition high-pass filter
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sym6
Scaling function phi
Wavelet function psi
Decomposition low-pass filter Decomposition high-pass fitter
Reconstruction low-pass filter Reconstruction high-pass filter
0.5
-0.5 -
A
0 1 2 3 4 5 6 7
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sym7
Scaling function phi
Wavelet function psi
Decomposition low-pass filter Decomposition high-pass filter
Reconstruction low-pass filter Reconstruction high-pass filter
0 1 2 3 4 5 6 7 8 9 10 11 12 13
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sym8
Scaling function phi Wavelet function psi
Decomposition low-pass filter Decomposition high-pass filter
Reconstruction low-pass filter Reconstruction high-pass filter
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Morlet Wavelet
Definition: morl(x) == exp(-xA2/2) * cos(5x)
Family Morlet
Short name m orl
Orthogonal no
Biorthogonal no
Compact support no
DWT no
CWT possible
Support width infinite
Effective support [-4 4]
Symmetry yes
A44
Morlet
Wavelet function psi
A45
Mexican hat Wavelet
Definition: second derivative of the Gaussian probability density function
mexh(x) = c * exp(-xA2/2) ** (l-xA2), where c = 2/(sqrt(3)*piA{ 1/4})
Family Mexican hat
Short name mexh
Orthogonal no
Biorthogonal no
Compact support no
DWT no
CWT possible
Support width infinite
Effective support [-5 5]
Symmetry yes
A46
Mexh
A47
Meyer Wavelet
General characteristics:
Family 
Short name
Orthogonal
Biorthogonal
Compact support
DWT
CWT
Support width 
Effective support 
Regularity 
Symmetry
Infinitely regular orthogonal wavelet.
Meyer
meyr
yes
yes
no
possible but without FWT 
possible
infinite 
[-8 8]
indefinitely derivable 
yes
A4 8
meyr
Scaling function phi Wavelet function psi
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Appendix B
Voltage Signal
Energy Averaged Energy
Wavelet % defects Rate % defects Rate
detected good/defect detected good/defect
defect 1 33.3 1.8098 33.3 1.1343
dbl defect 2 100 61.2343 100 4.1711
total 66.65 66.65
defect 1 66.6 2.3861 100 1.3823
db2 defect 2 100 169.5169 100 8.3727
total 83.3 100
defect 1 100 3.8807 100 1.4732
db3 defect 2 100 149.5475 100 8.5442
total 100 100
defect 1 100 4.2554 100 105.4443
db4 defect 2 100 1.4791 100 7.8882
total 100 100
defect 1 100 3.6927 66.6 1.5051
db5 defect 2 100 74.1095 100 7.7796
total 100 83.3
defect 1 100 3.7655 33.3 1.5797
db6 defect 2 100 81.9016 100 7.9572
total 100 66.65
B1
defect 1 66.6 3.6581 66.6 1.6069
db7 defect 2 100 101.5649 100 7.9040
total 83.3 83.3
defect 1 100 2.3162 33 1.5047
db8 defect 2 100 58.8894 100 7.4258
total 100 66.65
defect 1 100 1.8478 33 1.4901
db9 defect 2 100 37.5388 100 7.1482
total 100 66.65
defect 1 100 1.8376 33 1.4594
dblO defect 2 100 35.0395 100 6.7793
total 100 66.65
B2
Voltage Signal
Energy Averaged Energy
Wavelet % defects Rate % defects Rate
detected good/defect detected good/defect
defect 1 66.6 3.3518 100 1.3875
coifl defect 2 100 98.1122 100 7.7390
total 83.3 100
defect 1 66.6 4.4047 66.6 1.5031
coif2 defect 2 100 125.4603 100 8.2573
total 83.3 83.3
defect 1 66.6 4.3398 66.6 1.5916
coif3 defect 2 100 99.6218 100 8.0610
total 83.3 83.3
defect 1 100 3.9448 66.6 1.6524
coif4 defect 2 100 74.8243 100 7.8754
total 100 83.3
defect 1 100 3.6745 66.6 1.69
coif5 defect 2 100 60.7909 100 7.6676
total 100 83.3
B3
Voltage Signal
Energy Averaged Energy
Wavelet % defects Rate % defects Rate
detected good/defect detected good/defect
defect 1 33.3 2.3861 100 1.3823
sym2 defect 2 100 169.5169 100 8.3727
total 65.3 100
defect 1 100 3.8807 100 1.4732
sym3 defect 2 100 149.5475 100 8.5442
total 100 100
defect 1 66.6 3.7811 66.6 1.4508
sym4 defect 2 100 124.8575 100 8.2584
total 83.3 83.3
defect 1 66.6 2.4321 66.6 1.441 1
sym5 defect 2 100 107.9267 100 8.2580
total 83.3 83.3
defect 1 66.6 4.0284 66.6 1.5381
sym6 defect 2 100 109.7414 100 7.9341
total 83.3 83.3
defect 1 100 2.2328 100 1.4465
sym7 defect 2 100 64.2592 100 7.677
total 100 100
B4
defect 1 100 3.7963 66.6 1.5925
sym8 defect 2 100 84.3346 100 7.6787
total 100 83.3
B5
Voltage Signal
Energy Averaged Energy
Wavelet % defects Rate % defects Rate
detected good/defect detected good/defect
defect 1 33.3 1.8116 33.3 1.1332
biorl.3 defect 2 100 61.7102 100 4.315
total 66.65 66.65
defect 1 66.6 1.8211 33.3 1.1337
biorl.5 defect 2 100 61.5589 100 4.4099
total 83.3 66.65
defect 1 66.6 3.8948 33.3 1.4148
bior2.2 defect 2 100 116.0950 100 8.1555
total 83.3 66.65
defect 1 66.6 3.9439 33.3 1.4583
bior2.4 defect 2 100 116.748 100 8.1310
total 83.3 66.65
defect 1 66.6 3.9145 33.3 1.49
bior2.6 defect 2 100 103.7896 100 7.9899
total 83.3 66.65
defect 1 66.6 66.6 1.5119
bior2.8 defect 2 100 95.0174 100 7.8157
total 83.3 83.3
B6
bior3.1
defect 1 100
100
100
4.5051
147.8372
100
100
100
1.4296
8.4830defect 2
total
defect 1 100 4.802 100 1.4582
bior3.3 defect 2 100 138.503 100 8.2061
total 100 100
defect 1 100 4.7660 100 1.4847
bior3.5 defect 2 100 125.3172 100 8.0237
total 100 100
defect 1 100 4.3491 33.3 1.5074
bior3.7 defect 2 100 101.5187 100 7.9175
total 100 83.3
defect 1 100 3.9758 100 1.5254
bior3.9 defect 2 100 83.0622 100 7.8465
total 100 100
defect 1 66.6 4.7639 66.6 1.5129
bior4.4 defect 2 100 130.8136 100 8.4960
total 83.3 83.3
defect 1 100 2.1787 100 1.4071
bior5.5 defect 2 100 81.7972 100 8.1424
total 100 100
defect 1 100 4.1766 66.6 1.6155
bior6.8 defect 2 100 86.5356 100 8.1079
total 100 83.3
B7
Current Signal
Energy Averaged Energy
Wavelet % defects Rate % defects Rate
detected good/defect detected good/defect
defect 1 100 1.05 0 0.9
dbl defect 2 0 2.7 0 0.93
total 50 0
defect 1 0 1.1208 0 0.94
db2 defect 2 100 20 100 2.25
total 50 50
defect 1 33.3 1.27 33.3 0.9701
db3 defect 2 100 39.83 100 3.0598
total 66.6 66.6
defect 1 33.3 1.9034 0 1.0234
db4 defect 2 100 37.3529 100 2.9951
total 66.6 50
defect 1 66.6 2.0848 0 1.0354
db5 defect 2 100 22.9609 100 2.88
total 83.3 50
defect 1 66.6 1.9539 33.3 1.0401
db6 defect 2 100 16.6986 100 2.7903
total 83.3 66.6
B8
defect 1 33.3 1.9117 33.3 1.0356
db7 defect 2 100 19.8303 100 2.9036
total 66.6 66.6
defect 1 33.3 1.9516 33.3 1.0383
db8 defect 2 100 28.2661 100 3.0809
total 66.3 66.6
defect 1 33.3 1.8669 0 1.0772
db9 defect 2 100 30.1555 100 3.264
total 66.6 50
defect 1 66.6 1.7349 0 1.0878
dblO defect 2 100 27.3501 100 3.3030
total 83.3 50
B9
Current Signal
Energy Averaged Energy
Wavelet % defects Rate % defects Rate
detected good/defect detected good/defect
defect 1 66.6 1.7180 0 0.9833
coifl defect 2 100 9.4708 100 1.9320
total 83.3 50
defect 1 66.6 2.1872 0 1.0155
coif2 defect 2 100 17.5554 100 2.6626
total 83.3 50
defect 1 66.6 2.1726 33.3 1.0577
coif3 defect 2 100 17.8697 100 2.819
total 83.3 66.6
defect 1 66.6 2.1430 33.3 1.0921
coif4 defect 2 100 17.3488 100 2.9315
total 83.3 83.3
defect 1 66.6 2.1233 33.3 1.1191
coif5 defect 2 100 16.8942 100 3.0095
total 83.3 66.6
BIO
Current Signal
Energy Averaged Energy
Wavelet % defects Rate % defects Rate
detected good/defect detected good/defect
defect 1 0 1.1208 0 0.9406
sym2 defect 2 100 20.3973 100 2.2570
total 50 50
defect 1 33.3 1.2722 0 0.9701
sym3 defect 2 100 39.8358 100 3.0598
total 66.6 50
defect 1 66.6 2.0960 0 0.9981
sym4 defect 2 100 17.1417 100 2.69479
total 83.3 50
defect 1 33.3 1.7237 0 0.9578
sym5 defect 2 100 27.4875 100 2.8727
total 66.6 50
defect 1 66.6 2.1787 0 1.0377
sym6 defect 2 100 18.3026 100 2.7962
total 83.3 50
defect 1 33.3 1.5879 0 1.0164
sym7 defect 2 100 36.9006 100 3.2503
total 66.6 50
Bll
defect 1 66.6 2.1772 0 1.081
sym8 defect 2 100 17.8246 100 2.9515
total 83.3 50
B12
Current Signal
Energy Averaged Energy
Wavelet % defects Rate % defects Rate
detected good/defect detected good/defect
defect 1 0 1.0456 0 0.89399
biorl.3 defect 2 100 2.7052 0 0.9352
total 50 0
defect 1 0 1.0483 0 0.9415
biorl.5 defect 2 100 2.7276 0 0.9385
total 50 0
defect 1 66.6 1.9709 0 0.9872
bior2.2 defect 2 100 13.1079 100 2.1920
total 83.3 50
defect 1 66.6 1.9632 0 0.9978
bior2.4 defect 2 100 13.1113 100 2.2441
total 83.3 50
defect 1 66.6 1.9675 33.3 1.0104
bior2.6 defect 2 100 13.1286 100 2.2967
total 83.3 66.6
defect 1 66.6 1.9764 0 1.023
bior2.8 defect 2 100 13.1137 100 2.3437
total 83.3 50
B13
defect 1 33.3 1.8221 0 0.9848
bior3.1 defect 2 100 38.5965 100 2.9309
total 66.6 50
defect 1 33.3 1.8824 0 0.9862
bior3.3 defect 2 100 38.099 100 2.9198
total 66.6 50
defect 1 33.3 1.9029 0 0.9987
bior3.5 defect 2 100 37.3973 100 2.9372
total 66.6 50
defect 1 33.3 1.919 0 1.0119
bior3.7 defect 2 100 36.2503 100 2.9703
total 66.6 50
defect 1 33.3 1.9297 0 1.0232
bior3.9 defect 2 100 34.7493 100 3.0082
total 66.6 50
defect 1 66.6 2.1986 33.3 1.0048
bior4.4 defect 2 100 18.9885 100 2.6803
total 83.3 66.6
defect 1 33.3 1.6007 0 0.9843
bior5.5 defect 2 100 41.7336 100 3.1702
total 66.6 50
defect 1 66.6 2.1674 0 1.0636
bior6.8 defect 2 100 18.4720 100 2.8502
total 83.3 50
B14
Appendix C
% T h is  Matlab program opens th e  w e ld in g  f i l e s  and performs the a lgor i th m  
% d e s c r i b e d  on t h i s  t h e s i s .
c l e a r  a l l ;
f i d = f o p e n ( ' c : \marta\data\MP18_2 6 . due 1, ' r ' ) ;  % open weld ing  f i l e s
[ f f  A ] = f r e a d ( f i d , i n f , ' f l o a t 6 4 ' ) ;
s a m p l e _ r a t e = f f (1 );
n u m _ p o i n t= f f (2 ) ;
v o l t = f f (3 :num_point + 3 -1)
current=ff(num_point+3:2*num_point+3-l) ' ; 
t=(1 :num_point)/sample_rate;
11 = 0 ;
t2= ro u n d (n u m _ p o in t / (s a m p l e _ r a t e ) ) ; 
window=t2 *1; 
t t t = ( 0 : 1 : window);
l e v e l = 1 8 ; % v o l t a g e  v a lu e  used  to  d e t e c t  the sh ort  c i r c u i t
tmin = 0 ; 
tmax = 15;
[C ,L ]= w ave d e c (cu rren t , 1 c o i f 5');% performs w ave le t  a n a l y s i s  
d l  = w r e o e f ( ' d ' , C, L, ' c o i f 5 ' , 1 ) ;
f i l t e r _ l e n g t h  = 10 %related to  the  w ave le t
fn = ( f  i l t e r _ l e n g t h - l ) / 2 %  to  make i t  even(number o f  p o in t s  to  take at each side)
c u t_ o u t  = 5% how many p o i n t s  l e a v e  out a f t e r  sh ort  c i r c u i t
count = 0 ; 
co u n t_ z e r o s  = 0; 
r a t i o = [ ] ;
Vl=[] ;
V2=[] ;
d l_w = [] ;
fo r  k = l : window 
count  = 0 ; 
c o u n t _ z e r o s = 0 ; 
v o l t _ w = 0 ;
dl_w(k, : ) =dl((k-1)*num_point/window+1:k*num_point/window) ; 
volt_w = volt((k-1)*num__point/window+l:k*num_point/window);
fo r  j = (5 0 0 0 * t l  + l  + fn) : ( l e n g t h ( v o l t _ w ) - f n - c u t _ o u t ) 
count  = count+1;
i f  ( v o l t _ w (j ) < l e v e l )  % d e t e c t  sh ort  c i r c u i t
fo r  i  = 1 : (2*fn+l+cut_out)
d l _ w ( k , j + i - f n - 1 )  = 0; % s e t  d e t a i l  to  zero
end
co u n t_ z e r o s  = c o u n t _ z e r o s + l ;
end
end
r a t i o ( k )  = l - c o u n t _ z e r o s / c o u n t ; % used to  compensate for  the number
%of zero in troduced
V I(k)=VA R (dl_w(k , : ) ) / ( r a t i o ( k ) - 2 ) ;  % c a l c u l a t e s  the normalyzed energy
% of  the s i g n a l s
V2(k)= ( s u m (a b s (d l_ w (k , : ) ) ) / l e n g t h ( d l _ w ( k , : ) ) / ( r a t i o ( k ) *2)) ; % c a l c u l a t e s  the
% averaged energy  o f  the  s i g n a l
end
W l -  [VI VI (length (VI) ) ] ;
W2= [V2 V2 ( l e n g t h  (V2 ) ) ] ;
d l _ t o t a l = [ ] ;
fo r  i= l :w in d ow
d l _ t o t a l = [ d l _ t o t a l  d l _ w ( i , : ) ] ;
end
% P l o t s  R e s u l t s
s u b p l o t ( 2 , 1 , 1 ) ;  
p l o t (t , d l _ t o t a l );
t i t l e ( 'W a v e le t :c o i f 5 S i g n a l : v o l t  Weld: P-26' )
s u b p l o t ( 3 , 1 , 1 ) ; p l o t (t , v o l t ) ; t i t l e ( 'W ave le t :c o i f 5 S i g n a l : v o l t '
y l a b e l ( ' ( D e t a i l  o f  arc t i m e ) ') 
a x i s ( [ t m i n  tmax -10 10])
s u b p l o t ( 2 , 1 , 2 ) ;
s t a i r s  ( t t t / 1 , [ W l '  ]) ; y l a b e l  ( ' Energy') ;
a x i s ( [ t m i n  tmax 0 0 . 1 ] )
g r i d
s u b p l o t ( 3 , 1 , 3 ) ;
s t a i r s  ( t t t / 1 , [ W l  ' ] ) ; y l a b e l  ( ' Energy' )
a x i s ( [ t m i n  tmax 0 0 . 01 ] )
g r i d
